P.f— T - - — —

LY

>

. REPORT DOCUMENTATION PAGE AFRL-SR-AR-TR-06-0137
Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing inst 3 data rv
and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this ¢ 2 Depar
Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Hic aware t
notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information i: INOTF
YOUR FORM TO THE ABOVE ADDRESS.
1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
10-March 2006 Final Performance Report 1l Sep 2002 - 31 Oct 2005
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

5b. GRANT NUMBER
F49620-02-1-0431

6c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

Suresh Menon 5e. TASK NUMBER

§f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER

Georgia Tech Research Corporation
Georgia Institute of Technology
Atlanta, GA 30332-0420

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)

The Air Force Office of Scientific Research AFOSR/NM
875 N. Randolph Street, Suite 325, Room 3112 11. SPONSOR/MONITOR’S REPORT
Arllngton VA 22203-1768 . NUMBER(S)

nloe. & D

12. DISTRIBUTION / AVAILABILITY STATEMENT

Distribution A: Approved for Public Release; Distribution Unlimited

b&ﬁ%ﬁbﬂd’l(fﬂ, A—

13. SUPPLEMENTARY NOTES

14. ABSTRACT

One Agent Defeat scenario of primary interest to the US Air Force involves; the explosion of a warhead in ground-fixed target
structures and storage facilities. Since, improper deployment can have potentially hazardous consequences, numerical studies can
understand the dynamics of this process. Simulation of this process requires a multi physics code capable of treating both shocks ¢
turbulence in complex geometries as well as single and multiphase chemistry. Smooth flow solvers can simulate turbulent flows, t
These codes usually have significant difficulty in treating discontinuities such as shock waves without introducing unphysical

20060601078

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. - 19a. NAME OF RESPONSIBLE PERS!
OF ABSTRACT NUMBER Suresh Menon
a. REPORT b. ABSTRACT c. THIS PAGE UL 19b. TELEPHONE NUMBER (include ar

Unclassified | Unclassified | Unclassified
404-894-9126

' Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. 239.18




SIMULATIO?%J OF SHOCK-SHEAR INTERACTIONS IN COMPLEX DOMAINS
F49620-02-1-0431

Suresh Menon and Bruce Fryxell
Computational Combustion Laboratory
School of Aerospace Engineering
Georgia Institute of Technology

Abstract

One Agent Defed

of a warhead in
deployment can
understand the d
physics code caf

well as single and multiphase chemisty.

flows, but these

t scenario of primary interest to the US Air Force involves the explosion
ground-fixed target structures and storage facilities. Since, improper
have potentially hazardous consequences, numerical studies can help
ynamics of this process. Simulation of this process requires a multi-
able of treating both shocks and turbulence in complex geometries as
Smooth flow solvers can simulate turbulent
sodes usually have significant difficulty in treating discontinuities such

as shock waves, without introducing unphysical oscillations into the flow. Shock
capturing methods do a good job at treating shocks and contact discontinuities, but the
dxssxpanon in thése methods can provide an incorrect treatment of the turbulent features
in the flow. In ghzs project, we have developed a hybrid code, which combines a high-
order smooth-flow solver with a high-resolution shock-capturing method. The shock-
capturing methoé‘ is used only near discontinuities, while the smooth-flow solver is used
to treat the remainder of the flow. The hybrid method is capable of producing solutions
that are more accurate than could be obtained with either method by itself.

The baseline code is LESLIE3D"***  a well-established DNS/LES solver developed for
scalar mixing and combustion apphcatxons The code contains a smooth-flow Navier-
Stokes solver that is second-order accurate in time and fourth order in space. It employs
a localized dynamics model for the subgrid closure of the unresolved momentum and
energy fluxes that has been shown to be highly robust and stable in all types of flows.
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1y to the problem of interest. The code has the ability to deal with
iquid-solid) flows using a combined Eulerian-Lagrangian approach, in
ase is treated on a fixed Eulerian grid, while the liquid and solid particles
rid-free Lagrangian manner. The code has been extensively verified and
a wide variety of experimental and canonical flows.

E3D works very well for smooth flows, it cannot accurately handle
d contact discontinuities, which produce unphysical oscillations in the
complishment under this grant has been to incorporate a high-rcsolution
method into the code. The scheme we use for shock capturing is the
Hlic Method (PPM) of Colella and Woodward®. This method has been

widely used, particularly for astrophysics calculations, where strong shocks appear on a

regular basis, 7T
which is also the

‘he implementation used here is based on the PROMETHEUS code®,
basis of the hydrodynamic solver in the FLASH code’, developed at the




University of Chicago as part of the DOE ASCI Alliance Program. The code has been
used by many gr(}ups throughout the world and has been extensively validated®?.

PPM is a high-order extension of Godunov's method'®. The algorithm was designed
specifically to prbduce accurate solutions of flows with sharp discontinuities through the
usc of nonlincarity and 'smart" dissipation algorithms. It also performs very well in
smooth flows. Godunov's approach is to calculate the fluxes in the gas dynamic equations
by solving Riemann's problem at each zone interface. This produces an upwind-centered
flux and also in{roduces nonlinearity into the difference equations. This nonlinearity
permits the method to calculate narrow discontinuities without generating spurious
oscillations. Godunov's method assumes a piecewise-constant profile of each variable.
This limits the accuracy of the scheme to first order.

A formalism for| extending Godunov's method to higher order was developed with the
MUSCL scheme!', in which second-order accuracy in both space and time is achieved by
representing the flow variables as piecewise-linear instead of piccewise-constant
functions. Another major advance of MUSCL was the incorporation of monotonicity
constraints instead of artificial viscosity to eliminatc oscillations in the flow. PPM takes
the next logical step by representing the flow variables as piecewise-parabolic functions.
This correspondsifo switching to Simpson's rule for numerical integration.

The problem of a point explosion in a confined domain was performed as an initial test of
the accuracy and robustness of the shock-capturing method for agent defeat simulations.
The calculation iests the ability of the code to capture both strong and weak shocks
accurately and its ability to compute complex shock reflections and interactions. The
initial setup consists of a cubical box 25 m wide containing air at room temperature. An
explosion is initigted off-center in the box by raising the pressure at a single grid point by
a factor of 10°, }}'igurc 1 shows the results of a 2D 600 x 600 simulation at four different
times. The boundaries were treated as slip walls. The explosion was initiated at a point
1/3 of the way adross the box from the left and bottom walls. As the simulation evolves,
the reflections of the blast wave off the walls of the box and the resulting shock
interactions resuit in a very complex pattern of waves. The shock strength rapidly
decays, and by thEZc end of the simulation, the maximum overpressure is less than 1%

i
Figure 1. Time sequence of the pressure distribution resulting from a point explosion in a
box. The simulat;ion was performed with PPM in two dimensions using a 300 x 300 grid.

A thrcc-dimcnsic?nal simulation of the problem, performed on a 192 x 192 x 192 grid is
shown in Figure 2. For this simulation, a small hole was inserted into one wall to allow
some of the explosion encrgy to escape.




Figure 2. Time szquence of the pressure distribution resulting from a pomt explosmn ina
box. The simulation was performed with PPM in three dimensions using a 192° grid.

In this study, wi have developed a new hybrid method, which uses PPM only near
discontinuities and calculates the remainder of the flow using the smooth-flow solver.
We define a smobthness parameter given by

- lQm - 2Qf + Qv‘-—!}

' IQM - Q!I +th - Qi-]i

where (); is any variable of interest. This is 51milar to the refinement criterion for
adaptive mesh réfinement proposed by Lohner'. Typically, we use both pressure and
density. To avaid detecting numerical noise, the smoothness parameter is set to 0 if
either the numer%ator or denominator is less than some small value, typically 0.05. For
multidimensional simulations, we take the maximum of the smoothness parameter for
cach coordinate idirection, ignoring cross derivatives. If the smoothness parameter is
greater than 0.3%5 at a grid point, we use the PPM fluxes to update the conserved
quantities at that ipoint Where the smoothness parameter is less than 0.35, the fluxes from
the smooth-flow solver are used. In order to minimize any numerical noise that might be
generated when switching between the two methods, we take the average of the two
fluxes at any gnd point bordering a point in which the PPM fluxes are needed.

We illustrate thc ‘hybrid method by simulating Richtmycr-Meshkov instability. The left
side of the grid contains hydrogen, while the right side of the grid consists of helium. A
sinusoidal interface is placed between the two fluids, with 2 second higher-order
perturbation w1t&g 1/5 the wavelength and 1/10 the amplitude superimposed on the large-
scale sinusoidal perturbation. A planar shock with an overpressure of 300 is place just to
the left of the intérface. The results of a two dimensional simulation on a 1024 x 256 grid
arc shown in Fxg’me 3 and the 3D simulation using a 480x120x120 grid is shown in F1g
4. The instabilit: y shows the characteristic bubble and spike morphology. The shock is
located just to the right of the left boundary. A diamond-shaped pattern of contact
discontinuities, which arc subject to Kelvin-Helmholtz instabilitics, develops between the
shock and the interface, and a series of Kelvin-Helmholtz instabilities forms along the
interface. The tap frame in Fig. 3 shows the magnitude of the density gradient obtained
with PPM, the middle frame shows the results of the hybnd method, and the bottom
frame shows whe‘rc each flux was used. The dark gray regions were calculated with the
PPM fluxes, the light gray regions used the fluxes from the smooth-flow solver, and the
average of the two fluxes was used in the black regions. PPM and the hybrid method
give virtually identical results.




The bybrid method is also being used for LES of turbulence. The simulation shown here
is of a planar shozk propagating through isotropic turbulence. The initial conditions were
taken from a DNS simulation of Mahesh, Lele and Moin™, who used a 6" order method
ona?231 x 81 x &1 grid. Our simulation was performed with the hybrid method on a 62 x

32 x 32 grid. Th
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Figure 4. Température iso-surfaces from a three-dimensional simulation of a Richtmyer-
Meshkov instability computed using the hybrid method on a 480 x 120 x 120 grid.

The final simulation presented here is of a one-dimensional multi-phase detonation. The
detonation is ignited in a mixture of 2H, + O, + 3Ar, originally at 26 kPa. The particles
used in the simulation were 15 pum Al particles with a mass loading of 20 g/m®. The
chemistry of the!gaseous phase is treated with a 7-step, 7-species mechanism. Once the
Al particles evaporate, they are allowed to react with the gaseous phase using a 3-step
reaction mechanism. Pressure traces at two points downstream from the ignition point
are shown in Figure 6 for detonations both with and without the Al particles. The Al
particles absorb some of the reaction energy, heating up until they start evaporating. The
heat exchange bretween the particles and the gas acts as an energy loss to the gas, thus
generating pressure loss in the post-shock region. As a consequence, the propagation
velocity of the détonation is slower when the particles are included.
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Figure 5. Turbulent kinetic energy obtained from an LES simulation of the propagation
of a planar shock through isotropic turbulence. The plot on the left shows the results
obtained with the smooth-flow solver (solid line) and with PPM (dashed line). The
diamonds are the resulfs obtained from a DNS simulation.
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Figure 6. Pressure profiles 0.7 m and 1.4 m downstream from the ignition point for
detonations both'with and without evaporating and reacting Al particles.
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